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Abstract

Scald of the husk surface is an important factor limiting long-term storage of pomegranates and little information is available about its
cause and methods of control. We evaluated the efficacy of prestorage treatment with diphenylamine and/or 1-methylcyclopropene and of
atmospheric modification during storage on scald incidence and severity on Wonderful pomegranates.

Scald incidence and severity were greater on pomegranates harvested during late season than on those harvested during mid season,
indicating that this disorder may be associated with senescence. All pomegranates from both harvests that were kept in air exhibited some
scald after 4-6 months at 7 °C. Neither diphenylamine, at 1100 or 2200 wL L=, nor 1-methylcyclopropene at 1 wLL~!, alone or together
reduced scald incidence and severity. In contrast, the three controlled atmosphere (CA) storage conditions tested (1 kPa O,, 1 kPa O, + 15 kPa
CO; and 5 kPa O, + 15 kPa CO,) significantly reduced scald incidence and severity on pomegranates from both harvest dates for up to 6 months
at 7°C. However, the two CA treatments with 1kPa O, resulted in greater accumulation of fermentative volatiles (acetaldehyde, ethanol,
and ethyl acetate) than the CA treatment with 5 kPa O,, especially in the mid-season-harvested pomegranates. In addition to its fungistatic
effects, 15 kPa CO, appears to be critical for inhibition of scald development on pomegranates. These results confirm recommendation by
Hess-Pierce and Kader (2003) of 5kPa O, + 15kPa CO, (balance N,) as the optimal CA for pomegranates at 7°C and 90-95% relative
humidity. Since very little if any a-farnesene or its conjugated trienol oxidation products were found in the peel of pomegranates, it appears
that the biochemical basis of scald in pomegranates is different from that in apples. CA storage (5 kPa O, + 15 kPa CO,) decreased or prevented
changes in carotenoid, acyl lipid, and phenylpropanoid metabolism that were associated with scald development in stem-end peel tissue of
air-stored fruit and are indicative of stress and/or senescence.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction of decay, which is often caused by the presence of fungal

inoculum in the blossom end of the fruit (Hess-Pierce and

Appearance, especially red color, is an important qual-
ity factor for marketing fresh pomegranates. Many factors
affect appearance, including bruising, water loss, decay, and
the development of physiological disorders during storage
(Elyatem and Kader, 1984). In general, the major cause limit-
ing the storage potential of pomegranates is the development
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Kader, 2003). This problem is aggravated at temperatures
higher than 5 °C, which are recommended for pomegranates
to avoid chilling injury (internal tissue browning). For long-
term storage, scald of the husk surface is another factor lim-
iting storage life (Ben-Arie and Or, 1986). Scald symptoms
appear as a superficial (skin) browning, similar to superficial
scald of apples, and generally develop from the stem end of
the fruit, spreading toward the blossom end as the severity
increases. Moreover, husk scald increases the susceptibility
of the fruit to decay.
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Several postharvest conditions have been evaluated for
long-term storage of pomegranates, including low tempera-
ture, delayed harvest (Ben-Arie and Or, 1986), intermittent
warming (Artés et al., 1998) and controlled atmosphere (CA)
(Ben-Arie and Or, 1986; Artés et al., 1996; Hess-Pierce and
Kader, 2003). Among these procedures, the most success-
ful in reducing decay and physiological disorders is the use
of CA storage, which, with a combination of 5kPa O, and
15 kPa CO3, has been shown to extend pomegranate posthar-
vest life for up to 5 months at 7 °C (Hess-Pierce and Kader,
2003). This combination also avoids the accumulation of high
levels of ethanol, observed under CA conditions with lower
levels of oxygen, which limits the marketability of the fruit
(Ben-Arie and Or, 1986).

Despite the importance of husk scald, little information
is available about its origin and mechanisms of control dur-
ing long-term storage of pomegranates. Studies performed by
Ben-Arie and Or (1986) suggested that scald symptoms may
be caused by the enzymatic oxidation of o-dihydroxyphenols
during storage, but the biochemical changes that conclude
with enzymatic browning remain unclear. The similarities
between pomegranate scald and apple scald, in terms of
symptomatology and occurrence, suggest that the two disor-
ders may be similar in the biochemical causes and mechanism
of control. It is generally accepted that apple scald is an
oxidative stress disorder involving conjugated triene oxida-
tion products of the sesquiterpene a-farnesene (Whitaker,
2004). The disorder has long been controlled by treat-
ment with the antioxidant diphenylamine (DPA) and/or low
oxygen CA storage (Ingle and D’Souza, 1989), and more
recently by treatment with the blocker of ethylene action 1-
methylcyclopropene (1-MCP) (Watkins et al., 2000; Zanella,
2003).

The development of more sensitive analytical tools and
the availability of new products that can control scald in
apple (Whitaker et al., 1997; Zanella, 2003) led us to re-
examine this disorder in pomegranates. Therefore, the objec-
tive of this work was to evaluate the efficacy of DPA, 1-MCP
(SmartFreshTM, AgroFresh Inc., Spring House, PA), and low
oxygen atmospheres in controlling incidence and severity of
scald on ‘Wonderful’ pomegranates during long-term stor-
age.

2. Materials and methods

2.1. Plant material

Freshly harvested, sorted, and packed ‘Wonderful’
pomegranates from a packinghouse near Fresno, California
were brought to the Postharvest Laboratory at the University
of California at Davis. Two harvest dates were evaluated; a
mid-season harvest on 20 October, and a late-season harvest
on 18 November (2003) (Table 1). Before postharvest treat-
ments, the pomegranates were sorted and those with surface
blemishes and other defects were discarded.

Table 1
Comparison of maturity indices (soluble solids, pH, titratable acidity and
color) between mid- and late-season harvested ‘“Wonderful’ pomegranates

Quality parameters Harvest time

Mid season Late season
Soluble solids content (%) 157+ 03 170 £ 0.3
Titratable acidity (%) 1.2 £ 0.1 1.2 £ 0.1
pH 32 +£0.0 33+£0.1
Aril color
L value 478 £ 1.2 447 + 4.1
Chroma 484 + 1.0 48.6 + 3.6
Hue angle 27.7 £ 1.1 245 +24

Data shown are means of three replicates + S.E.

2.2. Treatments tested

The eight treatments tested for scald control are listed in
Table 2. For each CA treatment, 6 boxes (30 fruit each)
of pomegranates were placed into a 0.3 m3-stainless steel
container that was ventilated with either humidified air or
the desired gas mixture for each CA treatment at 7 °C. The
ethylene action inhibitor, 1-MCP (SmartFreshTM, AgroFresh
Inc., Philadelphia, PA), was applied in 0.3 m? gas-tight con-
tainers at 7 °C for 24 h. 1-MCP was generated with “Light
Orange SmartFresh' Research Tablets” with a Blue Activa-
tor Tablet and Activator Solution as suggested by Agrofresh.
Pomegranates treated with DPA were dipped in the solution
for 3 min and air dried at 20 °C before storage. Pomegranates
were evaluated after 2, 3, 4, 5 and 6 months to determine
their marketability based on visual external and internal qual-
ity. After removal from storage, fruit were kept at 20 °C for
4 days to simulate marketing conditions before final quality
evaluations.

2.3. Maturity and quality parameters

At harvest, 3 replicates of 10 fruit each were evaluated for
compositional analysis. Arils were squeezed through cheese-
cloth and pH, titratable acidity (TA) and soluble solids content
(SSC) were measured. SSC was measured using a refrac-
tometer (Abbe refractometer model 10450, American Opti-
cal, Buffalo, NY). Four grams of juice diluted with 20 mL
of distilled water were titrated to pH 8.1 with 0.1N NaOH

Table 2

Treatments tested for control of scald on pomegranates

Treatment Details

Control No treatment, stored in air

CA-1 1 kPa oxygen + 99 kPa nitrogen

CA-2 1 kPa oxygen + 15 kPa carbon dioxide + 84 kPa nitrogen
CA-3 5kPa oxygen + 15 kPa carbon dioxide + 80 kPa nitrogen
DPA-1 1100 WL L~! DPA for 3 min, stored in air

DPA-2 2200 nL L~! DPA for 3 min, stored in air

1-MCP 1 wLL~" 1-MCP for 24 h at 7 °C, then stored in air
1-MCP + DPA 1 wLL~! 1-MCP for 24 h at 7°C and dipped in

1100 pL L~! DPA for 3 min, stored in air
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to measure TA (as citric acid) and pH using an automatic
titration system (Radiometer, Copenhagen, Denmark). More-
over, pomegranates were initially marked at three equatorial
points on each fruit so that subsequent external color read-
ings could be taken at exactly the same spots on the fruit.
Color readings were then taken on 100 fruit with their average
considered as the initial value. After each storage duration,
external color measurements were taken on 15 pomegranates
per treatment using a hand-held Minolta colorimeter (model
CR-300; Minolta, Ramsey, NJ) and expressed as L'a'b*
color values. Hue angle and Chroma value were also cal-
culated.

2.4. Fermentative metabolites

Three replicates of five fruit each were used for determi-
nation of fermentative metabolites. At each sampling time,
5 mL of juice were collected into a 10-mL vial containing 2 g
of NaCl. The vial was immediately sealed and kept at —80 °C
until analysis. After thawing in a cool water bath at about
20 °C, the juice was incubated at 37 °C for 15 min and a 1-mL
headspace gas sample was withdrawn with a 1-mL gas-tight
glass syringe and injected into a Hewlett Packard Model 5890
gas chromatograph equipped with a flame ionization detector
and a 1.8 m x 2mm i.d. glass column packed with Supelco
60/80 Carbopack B/5% Carbowax 20M (Ke et al., 1994).
Acetaldehyde, ethanol and ethyl acetate were identified based
on their retention times and quantified based on integra-
tion of the peaks and comparison with the standard curves.
The ranges of calibration curves (with a R?>0.95) used
for quantification of individual compounds were: acetalde-
hyde (0-100 wL L), ethanol (0-20,000 pLL~') and ethyl
acetate (0—10 wLL™1).

2.5. Evaluation of visual quality and scald

After each storage duration, all 30 pomegranates per treat-
ment were individually evaluated for overall visual quality
and for scald incidence and severity. External appearance
including decay, bruising and scald was evaluated following
the hedonic scale: 1 =unusable, 3 =poor, 5=good, 7 =very
good, and 9 =excellent. Scald incidence was expressed as
percentage of the fruit affected by scald. Severity con-
siders the percentage of fruit surface affected with scald
(brown discoloration) and was evaluated following the hedo-
nic scale: 1 =no scald, 2=1-25%, 3=26-50%, 4=51-75%,
and 5=75-100% of the surface affected.

2.6. Sample preparation and HPLC analysis of
a-farnesene and conjugated trienols

Peel tissue from scalded and sound late-season-harvested
fruit was carefully separated avoiding any contamination by
juice from the arils that might impart extraneous isoprenoid,
lipid, and phenolic constituents. Tissue samples were taken
from control (untreated) and CA-3 (5 kPa O, + 15kPa CO,)

fruit at 0, 2, 3, 4, 5, and 6 months, and from fruit of all other
treatments except CA-1 and CA-2 (Table 1) at O, 2, and 4
months. Separate stem-end and blossom-end tissue samples
from 4 to 6 fruit were pooled. The tissue was frozen in lig-
uid Ny, packaged with dry ice, and sent to the USDA-ARS
Produce Quality and Safety Laboratory in Beltsville, MD
overnight by courier.

Individual tissue samples from the variously treated fruit
were briefly immersed in liquid N and 15-g portions
were weighed, fractured with a mallet, and then ground to
~0.5cm? pieces using a mortar and pestle. The ground,
frozen tissue was transferred to 50-mL screw-cap culture
tubes and immersed in 25 mL of hexane, after which the tubes
were flushed with N; and sealed with Teflon-lined caps. The
tubes were agitated on a rotary shaker at 13.1rads™! at4°C
overnight. Following centrifugation at 500 x g for 2 min, the
hexane extracts were decanted and vacuum filtered through
a sintered glass funnel lined with a glass fiber filter. Using a
gentle stream of N», the filtered extracts were reduced in vol-
ume to 15 mL. Aliquots (1.5 mL) of the concentrated extracts
were transferred to 2-mL glass vials, followed by evaporation
of the hexane with a gentle stream of N, (without heating)
and addition of 0.5 mL of methanol. The vials were flushed
with N, capped, vortexed, and centrifuged 2 min at 1000 x g.
The 0.5 mL methanolic samples were then passed through
0.4 wm PTFE syringe filters into amber HPLC vials, which
were flushed with N; and capped.

Samples were analyzed by high-performance liquid chro-
matography (HPLC) using a Hewlett-Packard Series 1100
HPLC system (Agilent Technologies) with a quaternary
pump, autosampler, and photodiode array detector (PDA).
The vials were loaded in the autosampler and 80-pL
aliquots were injected onto a Luna 5 pum Ci3(2) column
(250 mm long, 4.6 mm i.d.) from Phenomenex (Torrance,
CA) and eluted with isocratic methanol:water:acetonitrile,
90:5:5 (v/v/v), at a flow rate of 13.3 pLs™'. PDA moni-
toring at 232 and 269 nm was used to determine levels of
a-farnesene and its conjugated trienol oxidation products.
HPLC-purified a-farnesene and conjugated trienols isolated
from peel tissue of apple fruit were used as external stan-
dards (Whitaker et al., 1997), and eluted at 15.8 and 6.0 min,
respectively.

2.7. Spectrophotometric measurement of total
carotenoids

It was observed that yellow pigments in the hexane extracts
prepared for HPLC analysis of a-farnesene increased with the
duration of storage. These were presumed to be carotenoids
because of their solubility in hexane. Two replicate extracts
from 15-g peel tissue samples were pooled, the solvent evap-
orated with a stream of N, and the residue dissolved in
2mL of hexane for UV spectrophotometric analysis using
a Shimadzu model UV160U spectrophotometer. The con-
centrated extracts were diluted as required to keep the maxi-
mum absorbance below 1.0 AU. All samples showed a series
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of six absorbance maxima (Anax) at about 348, 367, 400,
425, 447, and 473 nm, which varied up to £3 nm with stor-
age duration and atmosphere (particularly the two maxima
above 440 nm). These Apax are typical of commonly occur-
ring carotenoids, e.g., the two major Ap,ax of phytofluene are
348 and 367 nm, Ap,x of {-carotene are 400 and 425 nm,
and those of a- and B-carotene are close to 447 and 473 nm
(Rodriguez-Amaya, 2001). Hence, the approximate concen-
tration of total carotenoids in each extract was calculated as
follows: published absorption coefficients (A}?m in hexane;
Rodriguez-Amaya, 2001) for phytofluene (1577 at 348 nm),
{-carotene (2550 at 400 nm), and a-carotene (2710 at 445 nm)
were used to calculate the concentrations of carotenoids with
major Amax at 348 and 367 nm, 400 and 425 nm, and 447 and
473 nm, respectively. These three values were then summed
to give an estimate of total carotenoids.

2.8. Neutral lipid and phospholipid extraction,
fractionation, and fatty acid analysis

Total lipids were extracted from three 5 g samples of peel
tissue from the stem end of late-harvested fruit that were
processed shortly after harvest (initials) or after 6 months
of storage at 7 °C in air (controls) or CA (5kPa O; + 15 kPa
COy,). Tissue was pulverized in liquid N, with a mortar and
pestle and extracted with 30 mL of chloroform:methanol,
2:1 (v/v) by vortexing 10 min in 50-mL screw-cap culture
tubes. After a 3-min centrifugation at 1000 x g, the extracts
were decanted, vacuum-filtered through a glass fiber disk,
and a phase separation effected by addition of 8 mL of 0.8%
NaCl. The chloroform phase was washed twice with 8 mL of
methanol:water, 1:1 (v/v), then evaporated under a stream
of N;. Total lipids were re-dissolved in 2mL of chloro-
form and loaded on a pipette column containing a 0.8 cm
diameter x 10 cm long bed of 100-200-mesh silicic acid pre-
washed with chloroform. Neutral lipids (NL) were eluted
with 6 mL chloroform plus 6 mL chloroform:acetone, 1:2
(v/v), followed by elution of polar lipids with 10mL of
methanol:water, 20:1 (v/v). After N, evaporation of the sol-
vents, NL were dissolved in 1 mL of hexane:ethanol, 2:1
(v/v), and polar lipids in 1 mL of chloroform:methanol, 1:1
(v/v). Aliquots (25 L) of the two lipid fractions were used
for determination of total phospholipids (PL) by the method
of Ames (1966).

UV absorbance spectra of NL from peel of fruit stored
6 months in air had three prominent maxima at 264, 273,
and 285 nm typical of conjugated trienes, whereas UV spec-
tra of NL from peel of initials or 6-month CA-stored fruit
had a less intense single broad maximum at 312nm with
a shoulder at 296nm. After Ny evaporation of the hex-
ane:ethanol, 2:1, NL were re-dissolved in 1 mL of hexane,
which left an insoluble residue. The conjugated triene in
the 6-month control NL samples, presumed to be puni-
cic acid (9Z,11E,13Z-octadecatrienoic acid; Hornung et al.,
2002), was hexane soluble, whereas the 312 nm-absorbing
compounds were not. Hexane-soluble NL were used for

fatty acid analysis. The hexane-insoluble material was dis-
solved in methanol and subsequently analyzed by HPLC and
liquid chromatography—mass spectrometry (LC-MS) (see
Section 2.9).

Fatty acid methyl esters (FAME) prepared from the
NL and PL fractions were quantified by GC-FID using
a Hewlett-Packard 5890 gas chromatograph fitted with a
Supelco 15m x 0.25 mm i.d. SP2330 fused silica capillary
column (0.20 wm film thickness). FAME were identified by
co-retention with authentic standards from Sigma—Aldrich,
with the exception of punicic acid methyl ester, which was
obtained from Larodan Fine Chemicals (Malmo, Sweden).
Identification of FAME, particularly several minor con-
stituents, was confirmed by gas chromatography—mass spec-
trometry (GC-MS) over the range of m/z 40—400 using an
Agilent Technologies 6890N network GC system and 5973N
mass selective detector equipped with a 50m x 0.2 mm
i.d. Agilent Ultra 2 capillary column (0.33 uwm film thick-
ness). Solvents were N, evaporated from the NL and
PL samples after addition of 50 g of heptadecanoic acid
methyl ester (17:0 ME) as an internal standard. NL were
initially transesterified by mild alkaline methanolysis in
0.6 M methanolic KOH at 70°C for 20 min. This yielded
free fatty acids in addition to FAME but avoided degra-
dation of punicic acid (Herndndez et al., 2000). Both
NL and PL fatty acids were subsequently methyl ester-
ified in 14% boron trifluoride in methanol at 75°C for
20 min.

2.9. HPLC and LC-MS analysis of lipophilic
p-coumaric acid conjugates

Four closely related compounds in the hexane-insoluble
fraction from peel tissue NL with an absorbance maxi-
mum at ~312nm were identified as lipophilic p-coumaric
acid conjugates (LPCAC) by HPLC and electrospray neg-
ative ionization LC-MS analysis with photodiode array
detection. Instrumentation and conditions were as described
in Whitaker and Stommel (2003). LPCAC were sepa-
rated on a 250 mm x 4.6 mm i.d. 5 um Luna Cig(2) col-
umn (Phenomenex). The mobile phase gradient consisted of
aqueous 0.01% phosphoric acid (HPLC) or 0.05% formic
acid (LC-MS) in methanol at 16.7 uLs~!, with the per-
centage of methanol varied as follows: 0-4 min, 80%;
4-18 min, 80-90% (linear); 18-22 min, 90%; 22-25 min,
90-95% (linear); 25-28 min, 95%; 28-31min, 95-80%
(linear); 31-34 min, 80%. LPCAC isolated by HPLC and
then refluxed in 14% boron trifluoride in methanol at
75°C for 30 min yielded a 313 nm-absorbing product that
coeluted with, and had the same UV absorbance spec-
trum as, the methyl ester of frans p-coumaric acid (E-
pCA-ME) prepared by methyl esterification of the free acid
(from Sigma-Aldrich) in 14% methanolic BF3. LPCAC
in the peel tissue NL fractions were subsequently quanti-
fied by HPLC-UV using E-pCA-ME as an external stan-
dard.
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After 5 months @ 7°C and 4 days @ 20°C

Stem end

Blossom end

F
“

5 kPa 02 + 15 kPa CO2

Fig. 1. Symptoms of scald (more severe on the stem-end than the blossom-
end) on “Wonderful” pomegranates kept in air for 5 months at 7 °C. Storage
in 5kPa O, + 15kPa CO, prevented scald development.

3. Results and discussion
3.1. Incidence and severity of scald

Scald symptoms developed mainly from the stem end of
the fruit, characterized by a brown discoloration covering
up to 60% of the skin’s surface area, and generally without
affecting the arils and surrounding pericarp tissues (Fig. 1).
Symptoms developed in the mid-season harvest control fruit
after 6 months of storage, and as early as 4 months in the
late-season harvest control fruit (Table 3). By the end of stor-
age, scald incidence reached maximum levels of 30% and
100% on fruit from the mid-season and late-season harvests,
respectively. A high incidence of scald in fruit from the late-
season harvest, close to 70%, was already evident after 4
months of storage. These results differ from those in a prior
report, which indicated that a delay in harvest time reduces
the incidence of the disorder (Ben-Arie and Or, 1986). How-
ever, in our experiments using fruit harvested later in the
season, the delay in harvest not only increased susceptibility

Table 3

to scald but also to decay, as observed in our previous study
(Hess-Pierce and Kader, 2003). Among the seven treatments
evaluated for scald control, only CA treatments were able
to effectively control or delay scald development, especially
the atmospheres including 15 kPa CO», in which the disor-
der was completely controlled for up to 6 months at 7 °C. In
general, there was an increase in scald incidence and severity
after shelf-life simulation (4 days at 20 °C). The CA treat-
ment with 1 kPa O; only gave effective scald control for fruit
from the mid-season harvest, while in pomegranates from the
late-season harvest it only delayed the appearance of symp-
toms and scald incidence was close to 40% by the end of
storage. In scalded fruit from the 1kPa Oj treatment, lev-
els of severity were lower (<25% of surface area) than those
observed in other treatments with similar levels of incidence
(Table 4).

The evaluation of treatments that have shown an effec-
tive control of scald in apple and pear did not show the same
effectiveness in reducing scald in pomegranate. Fruit treated
with DPA, especially at the higher concentration, reached
similar or higher levels of scald (incidence and severity) rel-
ative to the untreated controls. This was aggravated by the
high incidence of decay observed, which was probably due
to incomplete drying of the blossom end (calyx area) after
DPA treatment. Although the antioxidant action of DPA did
not control the disorder, we cannot exclude the possibility
that an oxidation process is involved in symptom develop-
ment (Ben-Arie and Or, 1986). Use of the ethylene action
inhibitor 1-MCP had only a partial effect in reducing scald
in fruit from the late-season harvest; relative to control fruit,
scald incidence was reduced by 60% and 43% after 4 and 5
months of storage, respectively. No major effect of 1-MCP
on scald control was observed after 6 months of storage. A
similar trend was observed for the 1-MCP and DPA combi-
nation, suggesting that DPA at 2200 wL L~! only aggravated
expression of the disorder. Despite the non-climacteric nature
of the fruit, the partial effect of 1-MCP in controlling or
delaying scald symptoms suggests that ethylene is involved
but is not solely responsible for triggering the biochemical
mechanism(s) leading to scald (Watkins et al., 1993, 2000).
Because 1-MCP and DPA do not control superficial scald in
pomegranate as they do in apple (Zanella, 2003; Whitaker,

Incidence of scald on mid-season and late-season-harvested “Wonderful’ pomegranates stored at 7 °C for up to 6 months plus 4 days at 20 °C

Treatment Scald incidence (%) after indicated storage duration

Mid-season harvest Late-season harvest

5 months 6 months 4 months 5 months 6 months
Control 0 30 70 100 90
1kPa Oy 0 0 17 10 40
1kPa O; + 15kPa CO, 0 0 0 0 0
5kPa O; + 15 kPa CO, 0 0 0 0 0
DPA (1100 pLL™") 0 27 57 63 87
DPA (2200 pLL~1) 0 33 100 93 100
1-MCP (1 pLL™', 24 h) 0 17 10 57 93
1-MCP +DPA (1100 pLL™") 0 30 23 57 100
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Table 4

Severity of scald on mid-season and late-season harvested ‘Wonderful’ pomegranates stored at 7 °C for up to 6 months plus 4 days at 20 °C

Treatment Scald severity score® after indicated storage duration

Mid-season harvest Late-season harvest

5 months 6 months 4 months 5 months 6 months
Control 1 1.74+0.6° 35+1.0 44+0.5 43+0.9
1kPa O, 1 1 1.24+02 1.4+0.7 1.6+ 0.6
1kPa O; + 15kPa CO;, 1 1 1 1 1
5 kPa O; + 15kPa CO, 1 1 1 1 1
DPA (1100 pLL™") 1 1.6 +0.6 24408 40+1.2 42+0.8
DPA (2200 pLL~1) 1 1.7+0.8 25405 4.7+0.6 5.0+0.8
1-MCP (1 pLL~!, 24 h) 1 1.6+0.9 1.2+04 244038 3.0+0.6
1-MCP +DPA (1100 wLL~1) 1 2.8+0.7 1.5+£0.5 33+1.2 34+1.8

? Hedonic scale based on percentage of area affected: 1 =no scald, 2=1-25%, 3 =26-50%, 4=51-75% and 5="75-100%.

b Mean+S.E. (n=3).

2004), we conclude that the biochemical processes that cause
the disorder must be different in these two fruit.

3.2. External color

In general, no major differences in external color among
treatments were noted during the first 3 months of storage for
both harvest times (data not shown). However, after 5, and
especially 6 months of storage, CA treatments kept a lighter
red color relative to the control and other treatments for both
harvests. This difference may be due to the delayed synthesis
of anthocyanins and other phenolics responsible for the red
color of the skin (Holcroft et al., 1998). This visual evaluation
was supported by the higher L value (lightness) measured in
the fruit under CA treatments (Fig. 2). The 1-MCP and DPA
treatments showed a pattern similar to that of the untreated
controls, which was expected due to the mode of action of
both compounds and the non-climacteric nature of the fruit
(Elyatem and Kader, 1984).

Since the development of scald was manifested mainly on
the stem end of the fruit (Fig. 1), we performed color mea-
surements in order to differentiate objectively a scalded fruit
from a sound fruit. Fruit from CA treatments had a higher
Chroma value than scalded fruit (untreated controls for exam-
ple), indicating an increase in browning of the affected area
caused by scald as discussed above (Fig. 2).

3.3. Visual quality

In general there was a reduction in visual quality with
storage duration, being greater in fruit from the late-season
harvest (Table 5). Only CA treatments, especially 1kPa
Oy +15kPa CO; and 5kPa O, + 15kPa CO,, were able to
maintain a very good quality until 6 months of storage.
Neither DPA treatments nor 1-MCP could keep the visual
quality at acceptable levels, and only the combination of both
treatments kept the levels of visual quality close to the CA
treatments for up to 5 months at 7 °C, but only in fruit from
the mid-season harvest. Decay was one of the most important
factors affecting visual quality, and was successfully con-
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Fig. 2. Differences in skin color between the calyx end and stem end of
late-harvested ‘“Wonderful’ pomegranates after 6 months at 7 °C.
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Table 5

Visual quality of mid-season and late-season-harvested ‘Wonderful” pomegranates stored at 7 °C for up to 6 months plus 4 days at 20 °C*

Treatment Visual quality® after indicated storage durations

Mid-season harvest Late-season harvest

3 months 4 months 5 months 6 months 3 months 4 months 5 months 6 months
Control 8.7 + 0.4° 6.2 £ 0.0 6.0+ 1.4 3.1 +£04 57+ 14 29 £+ 0.7 14 +£0.2 14 £ 0.8
1kPa O, 6.9 + 0.4 7.0 £ 0.0 7.0 £ 0.0 6.2 £ 0.9 6.9 £ 0.3 6.6 £ 0.9 59+1.2 2.7 +09
1kPa O; + 15kPa CO, 9.0 £ 0.0 6.8 £ 0.6 6.8 £ 0.6 7.0 £ 0.0 64 £ 1.1 7.0 £ 0.0 6.8 £ 0.6 6.8 £ 0.6
5kPa O; + 15kPa CO, 9.0 £ 0.0 6.9 £ 0.2 7.0 £ 0.0 7.0 £ 0.0 82+ 14 7.0 £ 0.0 6.8 £ 0.6 7.0 £ 0.0
DPA (1100 pLL™") 9.0 £ 0.0 6.1 £ 1.5 6.1 £ 0.6 4.6 £ 0.7 49+ 14 25423 23+1.2 33+1.2
DPA (2200 pLL~1) 9.0 £ 0.0 7.0 £ 0.0 58+ 1.3 54+1.5 46 + 1.3 31 £13 1.3+ 0.6 1.0 £ 0.0
1-MCP (1 pLL~!, 24 h) 8.6 + 0.6 50+ 14 37115 23+ 1.1 59+ 1.2 6.4 + 25 2.5+ 0.5 14+ 0.7
1-MCP +DPA (1100 wLL™1) 9.0 £ 0.0 57+ 1.1 44+ 1.2 1.0 £ 0.0 6.6 £ 0.9 55+04 49+ 04 1.0 £ 0.0

2 Hedonic scale: 1 =unusable, 3 =poor, 5=good, 7=very good and 9 =excellent.

b Mean+ S.E. (n=3).

trolled by CA treatments including 15 kPa CO», as previously
shown (Hess-Pierce and Kader, 2003). In general, the main
factors reducing visual quality for the mid-season-harvested
fruit were decay, scald and physical damage. For the late-
season harvest, scald was the most important skin disorder
contributing to the reduced visual quality of the fruit.

3.4. Off-flavor

Since CA treatments were very effective in controlling
scald and reducing decay levels, we evaluated the presence
of fermentative metabolites that have been associated with the
use of CA conditions (Ben-Arie and Or, 1986; Hess-Pierce
and Kader, 2003). The most abundant compound among
fermentative metabolites was ethanol, the maximum con-
centrations of which were about 200- and 3000-fold higher
than those of acetaldehyde and ethyl acetate, respectively
(Fig. 3). There was a general increase in all three volatiles
throughout storage, especially for CA treatments including
1kPa O,, in which levels were 3—12-fold higher than those in
the air-stored controls, depending on the compound. Increas-
ing the level of O; to 5 kPa during CA storage significantly
reduced the levels of these volatile compounds, especially for
the mid-season harvest, to below the threshold of detection
for off-flavors in fruit (Ke et al., 1991), as observed in prior
experiments (Hess-Pierce and Kader, 2003). Interestingly,
the differences in concentrations of fermentative metabolites
among treatments are less significant in fruit from the late-
season harvest than in fruit from the mid-season harvest.

3.5. Biochemical basis of pomegranate scald

Peel tissue samples from the variously treated, late-
season-harvested fruit were analyzed for a-farnesene and
conjugated trienol contents after 0, 2, and 4 months of storage.
Most of the tissue extracts included a trace component that
eluted at about the same time as the authentic a-farnesene
standard from apple peel. However, only two, those from
1100 pLL~!" DPA-treated fruit stored 2 months and from
control fruit stored 4 months, had enough of the compound to

generate PDA UV absorbance spectra which closely resem-
bled that of a-farnesene (single broad maximum at 232 nm).
The calculated a-farnesene concentrations (Whitaker et al.,
1997) in these two samples were 0.3 and 1.0 mg kg™, respec-
tively. This is below the basal level in most apple fruit at
harvest, and typically a-farnesene concentration in peel tis-
sue of scald-susceptible apples increases as much as 100-fold
during the initial 2—-3 months of storage, reaching a maximum
>150mgkg~! (Whitaker, 2004). Not surprisingly, the con-
jugated trienol oxidation products of a-farnesene that begin
to accumulate in apple peel after several weeks of storage,
and often correlate closely with the incidence and severity
of superficial scald (Whitaker et al., 1997; Whitaker, 2004),
were not detected in any of the pomegranate peel tissue
extracts. These findings indicate that a-farnesene synthesis
and oxidation, hypothesized to play an integral role in the
induction of superficial scald in apple, are not involved in
scald development in pomegranate.

Visual inspection of the concentrated hexane extracts from
30 g of peel tissue suggested that carotenoid biosynthesis was
much more active in fruit stored in air than in those stored
in CA (5kPa Oy + 15kPa CO;). Spectrophotometric analy-
sis showed that during 6 months of storage total carotenoids
in stem-end peel tissue increased more than 10-fold in con-
trols and less than 3-fold in CA fruit (Table 6). In addition,
carotenoid accumulation was much slower in blossom-end
than in stem-end tissue in air-stored fruit. On a gram fresh
weight basis, the peel tissue carotenoid concentration was
quite low, reaching a maximum of just under 2mgkg~! in
air-stored fruit after 6 months. This probably reflects the fact
that carotenoids are localized in a few cell layers of the epider-
mis, the bulk of the pericarp being largely devoid of pigments.
UV absorbance of peel tissue hexane extracts at 348 and
367 nm, attributed to the precursor carotenoid phytofluene
(Rodriguez-Amaya, 2001), was generally highest after 2—3
months of storage, then declined later in storage with a coinci-
dentincrease in absorbance maxima at about 449 and 475 nm.
The series of desaturation steps in carotenoid biosynthesis
require molecular oxygen and involve the plastid terminal
oxidase (Kuntz, 2004). Moreover, it has been shown that
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Fig. 3. Effect of storage duration at 7 °C and controlled atmosphere treatments on concentrations of fermentative metabolites in arils of: (a) mid-season and

(b) late-season harvested ‘Wonderful’ pomegranates.

plastid transformation and carotenogenesis are induced by
oxidative stress and free radicals in plant tissues such as bell
pepper pericarp (Bouvier et al., 1998). It is therefore notewor-
thy that the highest rate of carotenoid synthesis occurred in
stem-end peel tissue of air-stored fruit, which also developed
the most severe symptoms of superficial scald (Fig. 1).
Substantial changes in stem-end peel tissue neutral lipid
(NL) and phospholipid (PL) fatty acid content and compo-
sition occurred over 6 months of storage (Table 7). In both
lipid fractions there was an increase in linoleate [18:2(9,12)]
and one or more saturated fatty acids at the expense of oleate
[18:1(9)] and linolenate [18:3(9,12,15)]. These changes were
more pronounced in air control than in CA fruit. A change in

Table 6

NL fatty acids unique to the controls was the occurrence of
about 8% punicic acid [18:3(9Z,11E,13Z)], an unusual con-
jugated trienoic acid that composes about 70—80% of the total
fatty acids in seed oil from pomegranate (Hernandez et al.,
2000). The presence of punicic acid was associated with a
>4-fold increase in total NL fatty acids. In contrast, total NL
fatty acids declined 2.4-fold in peel tissue of CA-stored fruit.
Although it is possible that the punicic acid in air control
NL was derived from bits of seed or contaminant seed oil
in the pulverized peel tissue, this could not account for the
dramatic increase in total NL. Moreover, GC-MS detected
trace levels of punicic acid isomers among the fatty acids
of PL from air-stored fruit, whereas none was detected in

Total carotenoid concentration (mg kg™ 1Y in stem-end (SE) and blossom-end (BE) peel tissue from late-season-harvested ‘Wonderful’ pomegranates at harvest

(Initial) and after storage at 7 °C for up to 6 months plus 4 days at 20 °C

Treatment Initial 2 months 3 months 4 months 5 months 6 months
Control (SE) 0.18 0.19 0.48 0.85 1.86 1.94
5kPa O; + 15kPa CO; (SE) 0.18 0.17 0.21 0.38 0.45 0.53
Control (BE) 0.16 n.d. n.d. 0.18 0.32 0.47




242 B.G. Defilippi et al. / Postharvest Biology and Technology 41 (2006) 234-243

Table 7

Composition and concentration of neutral lipid and phospholipid fatty acids in stem-end peel tissue from late-season-harvested ‘Wonderful’ pomegranates at
harvest (initial) and after storage at 7 °C for 6 months in air (control) or under controlled atmosphere (CA =5kPa O, + 15 kPa CO;) plus 4 days at 20 °C

Fatty acid Neutral lipids Phospholipids (PL)

Initial Control CA Initial Control CA
12:0 07+1.2 0.1+0.1 0.7+0.1 - - -
14:0 1.6+0.3 1.1£0.1 2.7+£0.2 - - -
16:0 18.4+2.1 185+1.0 22.6+1.8 19.7+0.2 248+1.0 204+1.7
18:0 39402 7.0+1.7 6.6+ 1.0 1.6 0.1 2.3+0.1 2.2+0.1
18:1(9) 33.84+0.3 23.6+0.8 29.0+1.2 24.6 +0.8 12.6 +0.2 20.4+0.2
18:1(11) 3.0+09 1.0+04 29+1.6 1.0+£0.0 0.8+0.1 1.31+0.1
18:2(9,12) 29.24+0.5 38.1+1.7 30.14+0.7 3214£13 45.6+0.9 39.0+0.5
18:3(9,12,15) 9.34+0.8 234+0.2 55402 17.1+£1.0 8.3+0.6 11.5+0.2
18:3(9,11,13) - 8.2+3.7 - - 0.2+0.1 -
20:0 0.1+0.1 0.2+0.1 0.1+0.1 1.5+0.2 1.7+0.1 1.5+0.1
22:0 - - - 2.1+0.3 35+0.5 2.7+0.2
Total (mgkg™") 185 £31 783 £130 77+ 15 143+ 16 107 £ 11 75+9
PL (wmolkg™") 0 0 0 210+£30 156+ 18 124+ 14

Values indicate the mean £ S.D. from three replicate extractions.

PL from initial or CA-stored fruit. A substantial loss of PL
occurred during 6 months of storage and, somewhat surpris-
ingly, the decline was greater in CA-stored than in air-stored
fruit (about 41% and 26% PL loss, respectively). The aber-
rant lipid metabolism in peel of air-stored fruit could result in
membrane destabilization and increased lipid peroxidation.
The four lipophilic conjugates of p-coumaric acid
(LPCAC) isolated from the NL fraction of peel tissue lipid
extracts and separated by C;3 HPLC were shown to have the
same molecular mass (1258) and yielded very similar frag-
mentation patterns with the same base ion (m/z 617) when
analyzed by electrospray negative ion LC-MS. Thus, they
appear to be isomers of the same compound, although the UV
absorbance spectra of the first pair (retention times 20.3 and
21.1 min) differ slightly from those the second pair (reten-
tion times 22.3 and 23.1 min). The proportions of the four
LPCAC isomers were remarkably similar in NL isolated from
initial, 6-month air control, and 6-month CA tissue samples
(Table 8). Compounds (HPLC peaks) 1, 2, 3, and 4 com-
posed about 12.5%, 22.5%, 23.5%, and 41.5% of the total,
respectively. However, the total concentration of LPCAC in

Table 8

Composition and concentration of four lipophilic p-coumaric acid conju-
gates (LPCAC) in stem-end peel tissue from late-season-harvested “Wonder-
ful’ pomegranates at harvest (initial) and after storage at 7 °C for 6 months in
air (Control) or under controlled atmosphere (CA =5kPa O, + 15 kPa CO,)
plus 4 days at 20°C

HPLC Peak LPCAC concentration (wmolkg™!)
Rtn time Initial Control CA
(min)
1 20.3 21+ 6 44 £2 15+£2
2 21.1 39 £ 12 75+3 27 £4
3 223 42 £ 13 78 £3 27+ 4
4 23.1 74 £ 23 134 £ 4 50£7
Total LPCAC 176 £ 27 331 +£ 10 119 + 17

Values indicate the mean 4 S.D. from three replicate extractions and are
calculated on the basis of p-coumaric acid (pCA) equivalents using A312 nm-

the air-stored controls was nearly two-fold higher than that in
the initials and nearly three-fold higher than that in the CA-
stored fruit. Other than inclusion of one or more p-coumaric
acid moieties, structures of the four LPCAC isomers are cur-
rently unknown, but their hydrophobicity suggests that they
are cutin- or suberin-like oligomers (Moire et al., 1999). The
increase in LPCAC in air control peel tissue exhibiting scald
symptoms may reflect a response to oxidative stress and/or
water loss, and also indicates an increase in production of
hydroxycinnamic acids that may contribute to the browning
reactions involved in scald development (Ben-Arie and Or,
1986).

4. Conclusions

Scald symptoms developed mainly on the stem end of
the fruit as brown discoloration on up to 60% of the skin
without affecting the internal tissues. Scald is a physiolog-
ical disorder that limits long-term storage of pomegranate
fruit. Among treatments tested, CA was the only treatment
that successfully controlled this disorder. The best CA com-
bination was 5kPa O, + 15kPa CO,, which resulted in a
lower accumulation of fermentative metabolites than the
other CA treatments. CA storage (5kPa O, + 15kPa CO,)
also decreased or prevented changes in carotenoid, acyl lipid,
and phenylpropenoid metabolism that were associated with
scald development in stem-end peel tissue of air-stored fruit.
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